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ABST RACT

Direc t observat ions in the f i e l d  ior~ nicroscooe make it ~os~ ib .~ to

determine the rat io  ~f bound to dissociated d imers at equilibrium on a

crystal  sur face .  n p r incip le , the thermodynanfts of d i s s o c i a t i o n  ar e

accessibLe fr om the temperature dependence of this  ra t io . To e st abL i sh

the fea s ib i l i t y  of such measurements , the ~inetics governing changes In the

dimer probabiliti es are worked out. This is done fo r  isotherrna L processes ,
4

and f o r  condit ions typical of the quench from the temperature at which the

equi l ibr ium di s t ribu : i~ n is est abl ished to the tempera ture  a: which observa—

tions are made in the f i e l d  ion microscope . Techniques are developed

to cor rec t f o r  d~ st o rt i o ns  of the e cu i L ib r iu m  d i s t r I b u t i o n  durin g the

quench. These rely upon measurenents  of :h.e rat io  of d iners in oor .f igur a—

tion I and 3 at Low temperatures , oomb ined ~t:h observat ions  of ?~ , the

L (a) Supported by the ~Tationa L Science Foundation under Grant ~~- 32937 .

~b) t3~1 PostdoctoraL Fellow . ?reser!t address: Depar~~ent of ?hvsioal

Metallur3y , :~eLsinki Un~vers&ty of

( c)  Supported by the Jc inc Seriices :Lec:roziios ?ro~ ram ~~.3. A~~ iv , U . S .
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f r ac t ion  d issoc ia ted  at  h igh tempera tures .  Expe r iments conforming to th i s

scheme have been carr ied out fo r  rhenium d imers on ~4~ 2 l l ) .  They yie ld

inte rna l energies of -3 .7  ± 1.1. kc a l /mole  for  rhenium d iners in

- 
configura t ion 1 , and -2.3 ± 1.2 k ea l/mole  for  d imers in con f igu ra t i on  0 ,

measured r a lat t ;e  to tha onorgy of dtssocLated  pa ir s .  Our r e su l t s  suggest

important contributions from indirect in teract ions .

L
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During the past decade , d i rect  observations in the field ion microscope

have yielded cons iderable quantitative information about the behavior of

individua l metal atoms diffusing on crystal surfaces) More recently,

these observations have been extended to clusters of interacting adatoms ,
2

and for dimers we now have available a fairly detailed description of

surface transport on the atomic level.
3 5  The emphasis of quanti-

tative investigations has so far been upon the kinetics of atomic events.

In contrast , the energetics governing the association of metal adatoms

into clusters have not been extensively explored . A theory of the forces

between adacoms on metal surfaces is beginning to emerge ,
68 and some

observations of cluster dissociation have been reported .9 However, we do

not yet have a quantitative picture of surface interactions between metal

atoms , although these are fundamental to an understanding of cohesion in

crystal layers.

In this paper , we address ourselves to the first quantitative

determination of the thermodynamics governing dissociation of d itners

on a crystal surface. The primary emphasis is upon the conditions and

procedures appropriate for such thermodynamic studies. We concentrate

upon one illustrative example - rhenium on the (211) plane of tungsten -

to provide an indication of atomic forces in surface clusters . Much is

already known about the chosen system from previous studies .4 As appears

from Fig. 1, the (211) plane is a channeled surface on which atomic motion

is confined to one dimension. ThLs s impLi f ies  bo th the experimental

observations and their analysis. When two atoms are placed in adjacent

II

~ 
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• _ _ _ _

I. ~io r d - s p here ~~~de of d imer or. (2~~~\ - ane of tungsten.  tI m er

movemer.t i~ confined to 1’~~ channels of olose-packed atoms.

A:cnic spacing A along channels - 2.~ -. ~~ distance between.

neighbcr~ng channels 
- ~~~~ ~..
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5

channe ls of :hLs pL ane and e q uI l i b r a t e d , the pr obab i l i :v  of f ind ing  them

dis sociated r a t h e r  than  bound to each ~ :he r pr o ’iides a measure of the f r ee

energy change on dissoctacion; s :udi~ s at d:fferenc temperatures should then

yield both the energy and ent ropy of dissociation.

Experimental determinations of this p r o b a b i l i t y  rat io  are qui te

- - - • . . •  • ].0 _  . -straignt:orwara in :ne ria i~ ton micr osco pe. inc samp~ e sur r ace ts

kept at  the desire d t empera tu re  f o r  a time interval  s u f f i c i e n t  to

establish thermal equil ibrium , arid then quenched to cryogenic temperatures .

The distribution of adatoms over the surface is observed at  low temperatures

only , to avoid any possible per urbatjon of the system by the act of observa-

t ion . t t  is ass~~~ed that the observations provide a close approxima-

tion to the equilibrium d i s t r ibut ion  at the chosen temperature. This

assumption is cr I tica l .  t! the coolthg rate is not high enoug h , extens i ze

rearrangement of the adatoms nay occur during the quench , invalidating

th e measure ment. In fac t , a t t a in ing  high quenching rates  in the f i e ld

ion m~crosco~ e presen t s  qu i t e  a serious ex~ er imencaL p ro b l em .  Even

though our main concern is wi th equi l ibr ium proper t ies , we must t h e r e f o r e

also analyze the ~d.neti:s governing :ne r e d i s t r i b u t i o n  of d i ssoc iat ing

dimers.

A f t e r  a brief presentat ion of the thermodynamic forma l i sm for

dissociation and of some experimental par t icu lars , we examine rate processes

for  dissociating d iners in Sec . ~~~~~~~~. The kinetics governing changes In

the probability distribution of d iners on a surface are worked out under

isotherma l conditions , and are then adapted to t reat  changes during

quenching . Bas ed on this analys i s , procedures are out l ined  ( in  :I i .c) to

H I

~ 
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a l l o w  fo r the  d i s t o r t i o n  of the h igh  m~’er 1:ur o  d i s t r i b u t i o n  on cool i ng .

These procedures make possib e mt~an g f u ~ s t u~~ ,~s of  the :t rmodvnamio ~

of J~mers on a $urface. Ac tua l :her-nodvnau.tc ne~ suremencs on rhenium

diners , whic h r1st~~tu te  th~ ce n t r a l  theme of  t h L ~ e f f or t , ar e ~r esen ted

in Sec . IV and V.

I. DISSOC IATION EQ e1 Lt 3Rt ~JM ~F ~ L~~RS

At  the temperatures  considered here , adatoms on the ~2 l L ~ pla ne o f

tungsten are confined to channels forme d by surface  atoms c lo se-p acke d in

the :1112 d i r e c t i o n .  When two a da toms are p laced in ad j a c e nt  rows of

such a s u r fac e  and equilibrat ed , the probab ility of f ind ing th e etoms

at a distance I from each other is 11

= C(2- 1 0 )~ L- i~ exp  - ~~~~~~ (l~

Here I denotes  the s epa ra t ion  between adat ~ ms , measured in the direction ci

the channels , in units of the spacing ~ along the 21112 ; 1 is the numbe r of

site s accessible to an atom in a channel , is the ~ronecker delta , and

C is a normalization constant , to insure that

L-l
: ~. = i

1.
L 0

Interactions between the atoms enter through 
~

‘
. ,  the potential of mean

fo r ce ;  in our s i tuat ion , i t  can be equated to the cnange in the

He lmholtz free energy F on moving two adatoms , initially at an i : ’ i i n tt o

separation , to a distance i. from each other. Since the nor~’~~~i : at t o n

constant  C i t se l f  depends upon the temperature , ncasurecnencs ci P . as a

4 1
L~

fr
—n7._ - 
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iurtc c ien of the t emper atu r e  T do not  s u f f i c e  to de te rmine  the in t e r a c t i o n .

inst ead , i t  is necessary t o  ~~~~~ the  r o r l i  r .~o ~r o b a b L L i t i e s  - one at

dist ances  so L a r g e  t h a t  i n t e ra c tio n s  bec~.’een a d i t om s  are negl ig ible , the

other at  the separa t i on  i of i nt e r e s t . Based on our previous  work , ~e

will assume that  once the d~~cance be tween adatoms equals or exceeds two

spacings along the 1112 , interactions have iropp ~d to zero and the two

adatoms are  f ree 0) .  Any pair  fo r  which !� 1 is counted as bound .

The p robab i l i ty  P~ that  a p a ir  be dissociated is now given by

L-l
• P . ( L - l ) ( L — 2 ) ’ 2 , (3

i~ 2 ~

and the ratio 
~L”~D 

is jus t

~l’~ D 2/ ’~L-2~~exp 
- W 1/ kT

~ :2/(L-2):exp S1!k 
exp - E 1/kT . (4)

Here and throughout this paper all thermodynamic quantities are referenced

to the properties of dissociated ~a i r s ;  the interna l energy ED and entropy

SD 
of dissociated dimers are therefore  set equal to zero . A semi-

logarithmic plot of P1
/?
0 

versus I T  should yield both the internal

energy arid the entropy of pairs in state I, provided the number of sites I

in the d i f f u s i o n  channe l is ~~own . :c mus t be noted , however, that apart

from the s ta t i s t ica l  proble ms usual in quant i ta t ive  studies of ind ividual

atoms , there is now the add i t iona l  d i f f icu l ty  of establ ishing the temperature I

to which the observed probabil i t ies  pertain.  This wil l  be discussed in

Sec. III.

- 
- - -

~ J



—- ~~~~~~~~~~~ 
u .  ~~~~~~~~ ~~~~~~~~ ~~~~~~~

3

II. EXPER~~~NTA L CI~-h~~L~~ ONS - ~ TNC HINC ~~TES

- - Ou r exper iments  hinge on the a b i l i t y  to d i s t i n g u i s h  d ts soc iate d  f rom

bound d imero . As indicated in Fig. 2 , t h i s  is easi l y done in the

field ion -nicroscope . The procedure s and equiPment used to obtain field

ion images , and especially to establish the separation between atoms in a

- - .  4 -clutter , hn’:c ceen toi~ od claawhare. t’hotographtc recordtng of images

has been improved , however , by us ing an Ol~~~pus 0M2 camera , with f/l.2

optics , which automatically adjusts exposures to the correc t t ime set t ing

for Daylight ~ktachrome film .

~~st important for the present work is the extent to which the

distribution of bound and -dissociated pairs is altered by quenching to

the cryogenic temperatures suitable for field ion microscopy. Such

rearrangement depend s upon how rap idly the samp le cools after equilibration.

This temperature decay has been measured for the two suppor t  loops used in

this study. Both are made of .007 in. diameter tungsten ; the end-to-end

length is ~ 3 cm for  the f i r s t , and only~~ 2 cm for the second . 12 Du r ing

the quench , thp  resistance of the support is monitored by a -lead

technique . The emf across the potential  leads to the loop is displayed on

an oscilloscope , as in Fig . 3. It is thus possible to follow rapid changes

in the temperature of the support , which may exceed one hundred degrees

per second . The t ime for the support to cool down to ~ 300°K is critical

for freezing in place the high temperature distribution . During this interval ,

the cooling curve , shown in Fig . 3, can be approximated by the hyperbolic

re la t ion

L/ T l/T
3 

+ bt  . (5)

I

— ~~~~~ ~~Z .. . ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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1 Zig. 2. Configurations of bound and dissociated rhenium d imers on W(2 1l ) .

Hard-sphere model on left , field ion image on r ight.  D imer

I conf igurations , from top to bottom : 0 , 1, 2 , and 4: the top two

are bound , the bottom two free. Interatomic separation of atoms

I in di~~ r established by techniques in reference 4.
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5

S.

- 
- sec)

Fig.  3. CooLin g curves for  samp le support a f t e r  equ i l ib ra t ion  at  T~ 330
and ~ 020

~(. Point s  in dicate  t empera tures  obt a ined  f rom r e s i s t a nc e
measurements , solid curves are leas t- squa res  f i t  to . . T  I T 3 ~ S t .
Shading shows temperatur es  ~t which d imer d ist:~ butions ar e ±~ o:e n n . 
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The decay rate  parameter b is e s sen t i a l ly  independent of T 0, the in i t i al

I temperature  of the support  loop. For the long support , b 5 .75  l0 ’
~

(d eg sec) ’; for  the shor ter  loop, b — 3.0 - IO~~ (deg sec ) 1.

j With the cooling rate established , it is now possible to assess the extent

to which the or iginal  d i s t r ibu t ion , establ ished in conformi ty  wi th  Eq.  ( 4 )

by equilibration at a high temperature , is affected during the quench to

the low temperatures at which observations are made.

III. K~~ETICS OF DIMER FORMATION AND DISSOCIATION

To understand how an equilibrium dis tr ibut ion of d ituers is perturbed by

changes in the temperature , the formal ism for  the kinetics of d iiner

dissoc iation a t  cons tant temperature is examined f i r s t .  In I I I .B we then

analyze the e f f ec t s  of quenching on an equilibrium distribution of model

dimers . Finally, the implications of this kinetic analysis for studies of

t~ the dissoc iation equil ibrium are examined , and techniques are devised for

u t i l i z i n g  experimental observations in such a way as to circumvent changes

* in the actua l high temperature d is t r ibut ions  during cooling .

A. Isotherma l Dissocia t ion

1. Formalism

I, Migration of diners in an i n f in i t e  one-d imens ional channe l is r ead i ly

described by noting the position of the center of mass , together wi th  the

3 5conf iguration of the dime r ‘ ; th. latter is g iven by the separation t

between the two adatoms in the pair (measured iii units of the atomic spacing

~ along the channel) .  The conventions governing the rate constants for

J
I
I
I

~~~~~~~~ SS ~~~~~~~~~~~~~~ 
—— • - 
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atom ju mps f rom one site to a specif ied neighboring s i te  are indicated

schematically in Fig . 4. The ra te  is denoted by ~ if the jum p increases

the pair separation , and by S if it causes a decrease. The subscript to

the symbo l indicates the configuration prior to the jump ; jumps can occur

only between adjacent sites.

The probability 
~~~ 

that the center of mass of a diner in conf igura t ion

j be at position x therefore changes in accord with 13 
S.

dp x i
~~ (n  ) — 9 ( ~ +~~~ )dt rx ,i i—i r x..l , i...l rx+l ,j_l — i i px,i

+ 
~ i+l~~ x— l , i+L + 1’~+i , i+i

) x 0 , -s-I , -s-2 , ... , (6~

where — 3~ — 0. We are not really concerned with the position dependence

of the probabil i ty , however; our emphasis is rather on the probabi l i .ty  P .

of finding a diner in a given s ta te  ~~~ . By definition ,

p . . (7)
x X , ].

Sun~ning Eq. (6) ove r all values of x now gives the time dependenc e of the

probability P~ :

— 2[
~~j i Pj _ j  - (~~ + S~~)P~ +

i — 0,1,2 (8~

La a finite system the number of accessible conf igura t ions  is limited .

Hencef orth ,we confine ourselves to a set of K configurations , ranging from

: 2 .
!‘ I

_______
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Ca,ter :~f Vf cs~ ~~sitia.i
-2 -! . 2
+ + + + +

-

- 
- • 

•

2 :E3~~~~~a : T3:i~~~2
Jm .~~~~,

~_) 
~~~~~~ ~~) -~~

Fig . -~~ . Sate cons tants  fo r  jump s of diner; ~n one-d .n~ns~ onaL ~~f f ~sion .

Cancer of mass ~osi:ions are ~‘~i~ ca:ad by cr ~es and Labe e~
w i t h  italic numbers. Arrows show atomic u~~ s allo ed between

nearest neighbo r ~o-~I ions . umo rates to ~~~~~ ~3r~~~ ur1:~~ n

are given 5y c- , to lowe r configiracion by 3 ~~~~~~~~ labels

the s ta r t i ng  c o n ft ; ur a :i c n .
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— 3 to  a ~— L  , ar.d assume that t~i~ r~ ~s ns~ ~~~~~~~~ it ’.~~ •.~~th ‘. ~ r

co n r i gur a t ~ cns , ~~.) t~i.i t • — ~~~~~~~~ th~.s ~~~~~~~~~~~ ~-e ire ~~::

wLttl  th e  equat ions

— 2 L-~ 0?3 
—

— — _

- - -
~~ ~~ j - 2 , 3 . . . . , K- 2 S.

~K—L ‘ K— .~~~— : - K— I.~~~— 1.~

The solution to this set of di fferential relattons .s weLl ~~ohn ; i t

corre spond s to the concen t r a t ion  of the Lrtca r me diate  found in a sequence

of ~ coupL ed , f i r s t - o rd e r  che m ica L  r e a c t i o n s , and ~s g iven  by

K

,
~~~ ~~~~~~~~~~~ exp - \ k t .

rh e are cig envalu e s of the -~a t r ix  ~ t , ~he r e ~t is defined as

I ~o —
~~~~

.

1 3 +

1
. ~~“ —i ..) ~~3 ~~~~~~. ~~~~~~

The coe f f ic ie n ts A , ar e  g~ ven b ’-~ :h~ componen ts of the r~ e~ c’or.d ~~~

I cigenvec tor • 3c :h the e L~~ r.v a l~~ -; a~’.d o ~gonve c tar ; can be eva Lua ted ~~

I

--  •-
~~~~~

-
~~ 

-----—
~~~~~~~

_ _
~~~ 

- 
— --- 

_ _ _ _ _ _  _ _ _ _ _~~~~~~~~ 4 t _ .
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s tandard me thods. 15 The constants  B k are then determined from the initial

conditions on the probabi l i t ies  P~ .

It must be emphasized that the probabi l i t ies  P .  found in Eqs .  (10)

describe dimers moving along infinite channels , but l imited to conf igura-

tions from 0 through K-I;  that is , the maximum separation between atoms

in a diner is l imited to K-I atomic spac ings. Experimental observations

are ac tual ly made on channels having L accessible s i tes ;  these allow a

maximum separation of L-l spacings between partners in a pair. However ,

( even if K were equated to L , Eqs. (10) , as they stand , do not provide a

sat isfactory solution to our physical problem. This is evident

on considering the steady state values for  the p robab i l i t i e s  P~ . In the

steady state , that is for f’ . — 0, it is apparent from Eq. (9) that

— . (12)

If we limit ourselves to diner separations i exceeding the range f of

interatomic forces , then the rates and are equa l , and it fo l lo ws

from Eq. (12) that

~i+l~~i ~ j  � f.

However , for a channel of I. sites we know from Eq. (1) that when 1. � f,

and hence W~ — 0,

— (i+l)J/(L—i) i � f •

L
1.

~

--- —--- 
_J~~~~T-TT - - - — - -______  - 

-~~~~ -~~~~~~~~~~~~~~~ r---~-
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To satisfy this requirement , the probabilities g iven by Eq. (10) are I
weighted by i~. ,  where

-~
j
~ 

a ( L — i ) /  ( L — i ) P .  . ( l 3~i—0

Reed 16 has demonstra ted  by Monte Car lo  s imulat ion that  this procedure provides

a satisfactory approximation to diner dissociation on finite channels , even

far removed from the steady state. The solutions given by Eqs. (10),

weighted in accord with Eq. (l3~ , will henceforth be used to describe 
*

the probabilities of model diners at constant temperature.

2. Time Evolution of Probabilities for Model Dimers

In order to show how the probabilities P~ approach their steady state

values , Eq. (l0~ has been evaluated for a model system , described in Fig . 5.

This system is patterned loosely on the properties expected for Re, on

the (211) plane of tungsten , as suggested by previous studies. In the model ,

interaction effects are neglected beyond configuration I; that is , diners

with an interatomic separation of 2 spacings are assumed to behave as free

acorns. The jump rate 
~~
‘ of free atoms , and the rate at which diners

jump into the 0 configuration , are set equal to the values found in

experiments
4 

with rhenium on W (2l1). The temporal evo lution of the

• probabilities , shown in Fig. 6, is specific for the model system. However ,

the particular choice of the rate constant  3 .~ does not significantly

affect the outcome ; a change in by a factor of two does not perceptibly

change the plots , provided the ratio remains fixed .

.
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t ion 2 and h ighe r are  c o m p L e t e ’~ di ssocia ted ; their ~ccenc ia
energy is taken as the zero of reference . Rate constants are
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~he t ime dependence of he ‘r ohab I ‘e -
~ . - .h c:~ is  J -

~ ~1 av~’d i n

~~~~ ~ f or  a dine r s~ ar :t-ag ~n the •)  c~~u f t g u i - i t t ~-n , ~s ~-~- ; ~p I i t ~~d -md

h~ s c ent r  ~h u t  Ions row a number ~ i ~~~ ‘eu~’~it L I I  t , ’u -n s . ~Iowever • ~‘- ;u t  1 t d ’ r i —

cion between states —~ and I ~‘c cu r s  In s t a n t  Lv on t’~ • ~~ ~~ ~ •t ’r’~ r’.a:~

to dissec Lit ton .  u n i v  .1) 2 second s a f t e r  s t a r t  tn~ in : : e  •)  cent I~urat on ,

the r a t i o  
~
‘l ~~~~ is w ithin 3 .i~ of th e e q u i l i b r i u m  v a lu e ; a ~lo t  for diners

starting in the I c o n f Igu r a t i on  is i nd i s t i n ~ u~ sh a b l e  from the one shown . the

e~ u i  I ib r at  io n of the h igher  con f igu r at i ons  t i k e ; cons ideriblv longer , and

follows a course ~vpifi ed by the prob Elbillty P. — a ra~’td t n i t i a l  r ’ , in

which the equilibrium value is overshot , followed by a ~ridua 1 diminution ,

as redLs:ribution to the other configurations occurs. The sum total of

the prob~b ilic ies for states other than ), I or 2 Is included under the

~vmbo P ; this ~;u. int  itv ~and a Ise th~ :‘r ob~ b i 1 i c v  of tinding -‘ diner

d t s s o c~~ited ’ r L s e s  slow ly hut  : ucnot on ica l lv  to i ts  long t erm va lue .

B. Kinetics of Quench [n~

t~ f greate r itite res c for this scuds are changes in the ~i i s t r i b u t i on  ~.h i c h

occur a f t e r  equ it  t b r at i o n , . h t  Ic the  s u r fa c e  c o ol s  cc t h e  t e mp e r a t u r e

at which observations are made.  ‘heso ingc~ ar c  e v a lu a t e d  Lw a:’~’r ox i—

nat tng the ac t ua l hy p e r b o l ic  coo kn ~ ~ur v ’ e the sa~n~’ l~’ ~ ‘~ th a set ics of

isotherina Is , ~. ~egroe ; i~~irt , each cc rmtnated ~‘v an Ins tantat~eous drop to

the next  lowe r t e m p e rat u r e . i ’his proc edure . suggested ~chema t i c a l l v  Ui

F i g .  ‘
, makes it ro s s~ b le to dete rmin e  t~ie extent of Jister: on durLu~ the

quench w i th o u t  ex tend  in~ the torma I i  s n  t the ~‘r , ’v ’~o;ts sect ~on .

~st i t naces  of such d i s t or t i o n s  ir.~ shown in F i g .  S for our model sy st em

after e q u il i b rat i o n  it four tcin~’erlturos at  w h i c h  s L~~U t ~ i c a n t  d is soc  t a t i on

• occurs - From th e se  cu r v e s  it is evtdent t h i t  the ~‘rocedure ou t  I m c d  in 
5

-•

~
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Fig. 7. Representation of cooling curie f o r  sample support by isother~~ l
intervals separated by step function drop of 1 degrees. For

quancitaci1e estimates of distortion during cooling ,

1
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Sec . I fo r  de te rmining  the thermo d ynamics of d i s soc i a t i on  is not val id .

Simply observing the r a t i o  a f t er  equ i l ib ra t ion  at  d i f f e r e n t  tempera-

tures will not work: the distribution obtained by equilibration at high

temperatures is significantly altered during the quench to the temperature

of observation , even for equi1ibrat~on at temperatures as low as

j 350°~Z. In large measure the problem arises from the rapid interconversion

be tween s ta tes  0 and 1. As is apparent  in Fig.  9 , the conversion is

significant even at temperatures below 350°K; only below 300°K is the ratio

frozen in.

The probability 
~D 

of find ing a diner dissociated is much better

• behaved . Dissociat ion is the limiting step in establishing an

equi l ib r ium d i s t r ilu c ion , and stops  qu ickly  during a quench. The

rever se process , recomb ination into a bound pair , faces two obstaoles :

• the compara t i v e ly  high barrIer  to d i f f u s i o n  for  individual atoms in

this system , and the need on the average to d i f f u s e  over an apprec iab le

di stance before encounter ing the other adatom in the adjacent  channel.

During a quench , these e f f e c t s  preserve the number of diners that had

dissociated at high temperatures. Even after equilibration at 425°K, the

probabil i ty 
~D is changed by on1y~~ l2.5’~ during the subsequent cool-down.

To the extent that we focus upon this quantity , valid thermodynamic

information should therefore be a t ta inable .

a C. Analysis  of Dissocia t ion Data

Based on these calcula t ton s  for  model diners , it is now possible

to devise a scheme for  p roper l y analyz ing real systems . In order  to

derive the thermodynamics of d issocIa t ion  from Eq. ( 4 ) ,  we requ i r e

re l iabLe  dat -a for  
~1’~ D • Only 

~D ’ however , can be derived f rom

_ _ _ _ _ _  ~ ~~~• •~~~
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measurements at high equilibration temperatures without major

distortion during quenching . We therefore estimate values of P1 for the

temperatures at which dissociation is significant by extrapolating P
1/PU

from lower temperatures , at which distortion of this ratio is not coo

severe . These estimates are straightforward , provided sound data are

available for the thermodynamics of diners in state I relative to state 3.

Consider an experiment on a channe l of length L , for which a total of 11

observations is available at a given equilibration temperature. Diners

are in state I in of these M observations , they are in state 0 in

observations and are dissociated in M
D
. Only M and M

D 
give significant

information abou t d imer behavior at the equilibration temperature the
C

populat ion of s tates  0 and 1 changes too much during quenching . Never-

theless , we can get M
0 
and M

1 
indirectly, by noting that

M
0 

—

• — (M_M
D
)R
L
/(l+R

~~ 
. (14)

Here the ratio for a channe l of L sites is deno ted by R
L
. As

• already Lndicated , this ratio is derived by extrapolation from low

temperatures. Thus, from Eq. (14) we can estimate M0 
and for the high

temperatures at which dissoc iation is favored ; this can be accomplished

I
wi thout the d is tor t ions  inevitable in an a t t empt  to observe the d i s t r i b u t i o n

af ter quenching to cryogenic temperatures .

The program fo r  determining the thermodynamics of diner dissoc iation

is now clear . It requires measurements of 
~D

’ the probability of finding
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a-

d imers dissociated after equilibration -it high temperatures ~in the

vicinity of~ ’ -~OO°K .  Also needed are accurate value s of P
1
/P0 

for

lower equilibration temperatures (300°K and 1ess~~, to allow extrapolation

of this ratio to temperatures at wh ich dissociation is favored .
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IV. EQUU~IBRIUM BETWEEN RI~ N IITM DD~~RS ~~ STA TE S 0 AND I

j Measurements of the r e l a t i ve  populat ion of rhen ium d imers present  in

states I and 0 have previously been reported for  W ( 2 l 1 ) . 4 These stud ies

were carried Out over a wide range of temperatures , extending up to 390°K.

For the higher temperatures , however , considerable distortion of the

distribution must have occurred while the sample cooled to the temperature

of observation . In fact , above 330°K, the previous data on P1/P0 (in Fig . 14

of reference 4) appear insensitive to the equilibration temperature ; this strongly

suggests that annealing during the quench , rather than the equilibration ,

- dictated the observed distribution. More reliable values of R

are therefore needed to allow extrapolation of this ratio into the

1 dissociation regime .

A. Observations

Additional measurements of rhenium diners in states 0 and 1 have been

made at temperatures from 270° to 327°K. The observations are summarized

itt Table I, and are plotted in Fig. 10. Only statistical errors are

indicated , derived from the standard relation
3

I var R R/ [
~~~ l)Pr,Pi j ; (15)

I 
this assumes that dissociation is negligible at these low temperatures .

On a channel of L sites , RL~ 
the ratio of pairs in state I to state 0,

is related to the thermodynamic properties of the two states by

- 
~~l
’
~ o~L 

2 (L-1)/L~exp(S1-S0
)/ k  exp - (E

1
-E0)/~~ . (16)

I-

I
- ~~~~—•- -

~~~~~~~~~ ~~~~~
-- 

~~~~~~~~~ 
-_

~~~~~~~~~ 
.-
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Fig. 13. Temperature dependenc e for rati o R of rhenium d tz’ers ta St a t e  1 ,

compared to st a t e  0 , on ~~~~~~ Raw data on bot :on d t t a t e  a :
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the C erii1er~:s , di~ers are L n : : L a L L y depo sited in :~‘•e center of the

c h a n n e l s .  A: the Low temperatures a: which states -) and I are equilL-

brated , d imers raroly move to the edge of the Dlane ; when they do , the

observations are disregarded . Ad2ustments for :h~ Leng th of the chanr.e s

are therefore no: made in Eq. (Iô) - the ratio derived from the measura-

ments is treated as e~ui-~aL~r.: to ~~~~~ , the value of on art infinite

channel. A semi-Logarithmic plot of the observed values of P
1
/P
0 

against

reciprocal temperature , in Fig. 13 , yields

E1—E 0 
-1.25 .26 ~caL/mole

5
1

0
0 

— -3.4 + .9 eu . (A )

B. Corrections

The extent to which the ratios ? L / ?o taken at these lOw temperatur es

were distor:ed during the quench can be es t imated , and cor rec ted  fo r , b y

taking advantage of the race studies in Sec . iiI. We note  chat  the ratio of

I . 
:h~ jump rates to which ~s required for such s:ud i~s , is equa l to

ThLS r a t i o  is c a L c u L a t e d  from Eq . (L6’~ using the raw data in (A~ . The r a t e

‘ of diff-aston of free diners , ~~~ , as veil as the junp ra te  froci confLgu:a-

I to 3 , are set equa l to the experinental ~aL- ~~ ; f a r  ,~n i~ :~~~ -’n

W (2LL ).
~ 

Transitions from bound to d issocia ted  pa i r s  ar e assumed to

occur at  the ra te  ~ — 3~’ exp 
- 3500/S_ T, where S, is the ~as C o n st a n t .1

• Caing these rate constants and the methods outlined in Sec. ~~~~~~~~ we car.  now

estimate the changes in 
~L J  durmn .~ :~-•e quench ~reced i~~ field ion

mi:rosco?y . The measured value s of ?
l

?
3 

are corrected for these changes ,

and rerlotted to g ive ~ new e s t im ate  of the entropy and ener;’-’ d~ fferences

between states 0 and 1. Anot he r  cyc le  of cor:es:ior.s ~s then init iated ,

I
-~~ 

__ i___ - • - -
- —.—~~~- ——_~~~~~~~~—,- —-~~~~~~~~~ - ——--~~~~~~~~~~ —-~~ ~t-~~~~~~
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us ing the new parameters to ev a luat e  :
J

’

~~~l. 
and this process La repeated

until furthe r correction foes no: signif icantly affact :h~ energy

difference estima ted f o r  rhenium d iners in state 3 and 1. As alread y

noted , onl y the ratio of the rate cons tants to 
~~~~~~~ 

not their absoluta

value , a f f e c t s  the ext en t  of d ist -or : ion  during a quench this ma kes the

it erat i cn  s incie .  For 
~1~~ O ’ corrections even at 327 °~ amount to only

L0~ and one i t e ra t ion  br ings  the internal energy difierence to within L~

of the f ina l va lue

Measurements of ?l /? Q, corrected in this way , are plot ted in Fig.  1-3 .

The thermodynamic parameters for rhenium d iners derived from the corrected

measurements are

= -l.~ O -
~ .26 kcal/mole

S~-S 0 = —3.8 .9 eu . ( B )

The difference in energy between s ta te  I and 0 found here is cons iderably

larger than ?reviously reported for the (211) plane of tungsten.
4 

That is

exDecced ; ear l ie r  resu l t s  were based on measurements extend ing to h igh er

temoerat -ares , at  N~~_c~ redLs:r_outLcn ~urutg que~tcnLng domL-ate~ :f or-Ly

data cak~n cv~ r lower tamperatur~ ~~~ zo~~~~~ed , then the earlier measure—

ments agree with  the present to well within one standard deviation.

v . EQU~~~I3RITJM 3ETWE EN BOUND AND D:ssocL~TED R~~~~TiL~I Df l~~RS

• With the thermodynamics of s ta tes  0 and 1. in hand , the r at io

?.. = (P L /? O )L can be ex t rao olata d  to temperatures  a: which dimers are

dissociated to an appreciable extant. Observations of the freçuency with

which diners are dissociated , that is of MD , comb ined with relation (14),

_____- ~~~~~~~~~~~~~~~~~~~~~~~~~ - -  _~~~~~~~~~~~~~~~~~

_ -
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should now provide th~ information necessary f-or deriving the dissociation

energy of diners. One problem still remains - the ratio 
~1
’
~D 

as given by

Eq. (4) depends upon the length L of the channel on which measurements

were made . A scheme of reducing the various experiments to a standard

length L.
~ 

is presented in Sec . A. This makes it possible to

analyze observations on the dissociation of rhenium diners, which are

j presented in 5.1. Finally, corrections for the distortions ,which occur

on quenching to the temperature  at which field ion microscopy is done ,are

worked out in Sec. 5.2 , to yield the thermodynamic parameters for  Re 2 on

W(211).

A. No rmalizat ion of Data for Channe l Length

Measurements of MD are made on channels of different length , and it is

first necessary to reduce them to a common channel length L~ . For fina l

• analysis of the data , we require the rat io M i /MD . It is not des i rab le  to

calculate this ratio for each experiment and then to combine the individua l

ratios , appropriately adjusted for differences in L and weighted , into one

f ina l average . Ins tead , it is preferable to first combine values of

and MD from different experiments into one grand total ,
17 

prior to taking

U the ratio M
I /M

D
.

To accomplish this we take advantage of Eq. (4) to write

(L_2)/ 2(M
l/MD)L 

— exp — W
1
/kT ;

here the subscr ip t  L e x p l i c i t l y  indicates the length of the channe l in a

particular set of measurements.  The l ef t  side is now independent of

channel length , and it is clear that D
L , 

the ratio M~/M~ referred
0

to a channel of standard Length L0, can be deduced from experiments

on channels of different lengths L according to

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—~~w - - -
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I
I ~

‘l
’MD~ L3 - : ~L-2) ‘(L 3

-2~~ . t . ~~) D~ (17)

J As alread y indicated in Sac . 1 , the ratio (s!. is not obta:ned from

measurements of and at the same temperature . M
D 

and M
1 

are derived

J separately, ~~ directl y from d iner distribution s a: high temperatures , ;
by extrapolation from data a: Lower temperatures. However , their ratIo is

J read iLy  corrected for the plane size.

~1orma1ization is accomp lished b y an approximation . ~
‘e write Eq. (L~)

in the form

[ (M
l

’

L 
— M / ( I +l/

~~~~
+l .’DL~~ 

. (13 ’~

The r a t io  is availab le by extrapolation from low temperatures , in

accord w i t h  Eq .  ( 18) ;  a value of 0 is derived from data  on a channe l ofL3
Length L using Eqs. (14) and :17) .  For a channe l of stand a rd leng th 

~~~

I the number of diners which are dissociated or in state 1 can therefore b~

obtained Er ~on the measurements using the relations

— ‘~~~3 \  1. ,L 3
— 2 . —

~~
1
l~ L ~~ 

~~~ i + — l  
— -

~
- k r — 

- ( 19 ~
1 3 ~~~~~~~~

and

— :(L 0
2 )/ (L 2)~~(~t

1). ’0 , . ( 2 O~

I
The values (:~, )~ and (

~5)  - so derived from the data in the

I,- - _
3’

~~
experiment are summed to f i n a l ly  give the des i red  r a t i o

[ (?
L
!?

D
). — 

1~ L~~,j ’H (:4
3 L j  .

I
- -- •
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An aL :sis of :ne stat isti cal uncer:a:nt~ es ~n this est:~ a:e is c~~~p L~~co:~±d ,

b ut folLo.:s : ~ro cod~~r�s ~cs u a l  the  p r o p a ~~~:i of errors , c;’.:h ~~~~~~,

the ra__ : ? , on an infin::e ~~anne l , and as :nd-~rer.don:

-~‘ar ~ab L e s .

3. Dissoc~ a:ion E~ u~~L~ br~ um

1. Observations

The equil~ brtum between bound and dissoc:ated :her. d:mers on the

(211) pLane of tungsten has been ~tudi~d a: temperatures ranging f r o m  3510

to -~L 2 °K. A : temoeratures Lowe r than  that , eq uilibration is ~ncOnVer1ien L’?

s low; at  h ighe r  t e - n ce r a : u r e s , the  rare at which adatoms are Lo st from the

plane :s excessi’:e. tn the vicinit y f ~OO°K, howeve r , ~ 2Y~ of th~ fimers

are ~~ssoctated , and the eçuLl:ortum oetween ocunc ann d~ ssoc~~ teso pa~ :s ~s

eas to observe . Aft er depositin g a pair of rhenium ada:oms in ad’acen:

rows , they are e~ uiLiSrated a: the temperature oi interest for  a period

ranging from 2 to 1.2 sec . This inter’;al is chosen so that the ada:oms in

a dissoc iated d~ner travel a distance comparable to the cnar.nel length

and can therefore sense  -each other ’ s presence. Th~ state of t he  d iner

is :nen examined a f t e r  cooling to ~ O
0
~(. This sequer.ce :s retested , 

- 

-

until one of t ne atoms is Los: a: the edge of the ~lane , or ~n :iL a total

f rcugh v f~J observations ha~ been completed . Thereafter , t :~e surface

~s field evasorated for ger.era cLeanLiness . rhenium atoms are agaLn

eva~ora:ed onto the 
~~~~~ and another measur:ng cycle is begun . 2bserva:icns

~f d i s s o c i at i n g  diners are  shown :n F i g .  . l;  tne o v e r a l .  :esu~.:s a r e

summarized in able IL.
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1
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(a) (b) (C) (d) (e)

(f ) (g) (h) (
~

) (j) .

(k) ( I) (m) (n) (0)

Fig. 11. Dissociation sequence for rhenium diners on W(211). Observations
after equilibration for 3 sec at 392°K are in chronological order.

Labelling of atomic positions begins at lef t ;  channel length
L — 27. (a) Position of adatom in top row - 29 , position of

adatom in bottom row - 19 , conf iguration - 10, (b) 15 , 16, 1
(c ’ 23 , 21, 1 (d) 11, 8, 3 (e)  , 5, 1. (f) 17, 16 , 1 (g )  6 , 5, 1
(h) 4, .1, 7 (1) 4 , 4, 0 (j) 12, 11, 1 (k) 15 , 15 , 0 (1) 2 , 2, 0
(m) 8 , 8, 0 (n )  27 , 26 , 1 (0 )  14, 25 , 11. In quantitative

analysis of the data , (1) not used as too close to edge.

fl - S f l~~~ 
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Measurements were made on channels ranging in size from L = 17 to 32. 
Sb

• The da ta  are therefore normalized to a standard channe l length , as outlined

— in the previous section; we adop t  the value L.3 = 25 , wh ich is the

mean for our experiments. A semi-logarithmic plot of 
~~1
’
~D~L 

, derived
0

from Eq. (21), versus l/r now yields the thermodynamics of dissociation ,

in acco rd with Eq. (4). As stressed earlier , the ratio 
~L’~D 

not only

involves measurements of d i s soc ia t ion , but also of the r e l a t ive  occurrence

• of states I and 0, obtained at lower temperatures. If we combine the raw

data on dissociation , in Table II , wi th  values o f M
1/M0 extrapolated from

data set (B), then we obtain the raw dissociation plot shown in Fig . 12.

This yields

= -3.3 ± 1.1 kcal/tnole

S1 = -1.6 ± 2 .9 eu . ( C )

Only the statistical uncertainties arising from measurements of M1/M0 and

of MD ’ the number of dissociated diners, have been inc luded in the erro r

bars . There is some uncertainty as well arising from possible errors in

the lengths L of the channels. This uncertainty is sma l l , however ,

amounting to only ~ 17. of the standard error in the internal energy . The

particular choice of to which th~ data are norno1i~ ed al so has l i tt l o

effect; a change of L
0 by 5 alters the estimate of the energy by only 1~ .

2. Corrections

The raw values for  the thermo dynamics of rhenium d imers in s ta te  1

are comparable to those of the model for which rate estimates were made

in Section 111.3. For that  system , r ad i s t r ibu t ion  during the time

L

- ~~~ - - 
~~ - - --
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ne~ es s~~r -- :cr :~ie samp e to :oo :rc-~ -.)O ~( to :ne temaera:ure ooser’:a::cn

* 
lo-~e r e d  :~ e number  o f  d i s s o c :~~t-a d r a : r s  tv ~

-. c ’i, , :u~~te a ~~~n~ ftc -en: a.:o’~n:.

5~~~~ar affects ~~~s t b e  o: ra:~~: :~~~f~~s:~ r :  the i:ssoci a :ion data for

he num b er  o f i~~sso c ~a :e-d c-a:rs  has th re teen corr ect ed

b~ tne ::era:i?e method us~~d on m e  ra t io ? / ? , ~n 3cc . 7. 3. As the first

St C ? , t~~~ r a t~~~ 0 , 3 1 ~s ad~~-~s:e i  to :.~e values of E, -E 0 and S. —S~ in set (3).

The energy 
~l 

of the rcdel d rs  led: a: -3.5 ~cal ’nole , and the r a t e

cons tants 3 and are f :xed at th or I values. Cal cula : ions of the

changes in ?~ on ~-oenching fror .. :ne a c t u a l  e - :u i l :b r a : ion  ten~e:a :ures a r e

made , and the ex;er~ nen :a l  dat a are :-rrr~ c:ed :o yield an :mrro-;ed ~sti m a e

or tne :hermc~c’—nam:cs :: cissoc:at~ cn . The rate o, ~htch corresponds to

:h~ transition f r o m  round t o free diners , is sd~us:ed to fit the new v a l o e s

and S1, and another cyc e of correction is in~ tiated . A total of

three cycles is enough t o converge on the corrected values n cc:ad in

Fig . l , which ;ive

= -3. ’ — 1.1 -zcal.at ole

= 2.~ + .-
~ cu . E)

We cons ider  these to b~ the p re fe r red  e st i m a t e s  for :ne therncd’rnar,ico

of rhenium rairs ~n the I configuration on the ~ (21~~~. ~ ;o tn:ngo should

be ne:ed . The rarame t a r s  of  state -2 and I do not sensitiveLy af:e-c: -our

f or  :~-e :nermcdvnanics of dissociation ; a l-Y, chon~ e in

ca uses le ss  t:m a~ a change :-~ . Also , :ne various oorrec::ons for

d c s :o rt i o n  d ur t n ~ : u e n o n :~~~ i no rea~~e t h e  i nt e rn a l  ermer ;’.’ by 1.37. mos t;

t h i s  is a ;ma L .  e f ± o -o : co -noa ~ ed to the statistic al uncer::io:v .

-- 

_ ~~ -~~
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F i g .  12 . Temperature depender.ce of dissociation e-z’ailib :~ un for rhenion

d imers. 3ot:om curve f o r  raw dissocia:~on data :- -axis a: rizn:)

• yields thermodynamic parameters in se: (C). ‘o~ cur-.-e (‘- -axos

• a t  Left) shows dissociation data corrected for .Listor::on

during quench ; this yields data in (D). !r:or bars ind:ca:e

standard deviation due to statistical errors ~n obser-:a:io ms ;
cur’;es obtained b y leas:-scuares di: to po~~n :s :~eL;n :e-c  
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SUM!IARY

The measurements reported here - - r ~’e to  i~’f ~~r me th e - i r o t ~~- - ;  r

rhenium d imers on the (211) plane t ~~~~~~~~~~ — - ‘I v ri. - i —  ;un ~’t ~ 
-

the analysis of dissociation - t i a t  d imer ;  :n . - n: . g u r a ’: -~ 7 ~~,‘ h~~

can be treated as completely d is- ,ociu’d . :h~~ :1uoI ! O~ - -

in this configuration is small , howeve r. An ap x~~~’ . i t . ~ . n i l y - ~., ‘r

dissociation is therefore possible , c sed c-i  t h t ~ t L te r -~~t~~.e ~~~~~~~~ 1 4

that only dimers in c o n f i g u r a t i o n s  h i&he r than • L ’  a~~ suc L~ zcd . l’h

changes the dissociation energy by ICSS than tY , ~n ~cu i ~ t - m a ’ l

scale of the statistical scatter. The ~ -e citio ~un~r . i j n ~. wou : r’

range of atomic interactions thus do n..~r sig nifio -i ntlz affect the resu1t~

on dissociation

The observations of the relative occurrence of d imers in states 1

and 0 reveal an unexpected effec t - the entropy of the former is

considerably lower. To interpre t this properly , it would be desirable

to compa re the ent ropy of conf igura t ion  0 and I wi th  tha t  of dissociated

diners. Unfortunately, the scatter in the dissociation results is still

too large for this. The internal energies of diners are in better shape.

Compared with dissociated d imers , we have

= -3.7 ± 1.1 kcal/mole

E0 
= -2 .3 ± 1.2 kcal/mo l.e

The cohesive energy of rhenium pairs on the (211) thus is small ,

on the order of magnitude expected of van der Waals interactions. What

is surprising is the difference between d iners in the 0 and 1 configuration. - -

~~~~~~~~ 
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The energy of the 0 state is significantly higher than of the 1; in the

~~ 

tormer , the interatomic separation is 4.48 .~. compared tc 5. 25 A in the

1. st a t e . A t  cLose  d i s tances , repuls ive  i n t e r a c t i o n s  c an  be exoected due

-~ to di po le-dipole interactions between adatoms polarized by the substrate.

For adatoms with a net dipole of I D (a value characteristic of tungsten

~~ adatoms~
8 on the (110) plane of tungsten ’> , such repulsion increases the

- energy by only lbO cal/mole at 4.5 .~~. This is not of the right magnitude

to accoun t for the observed energy difference between diners in configuration

-3 and 1. Moreover , it mus t he emphasized that other diners
4
, for wh ich

the energetics on W(211.) have not yet been quantitatively examined , show

~~ , J a strong oreference for the 0 state as compared to the 1. Such a pronounced

chemical specificity is not expec ted for dipole—di pole repulsions . Indirect

interactions must therefore be respons ible for these distinctive energy

differences. Additiona l information about these interactions should be

available soon from kinetic measurements underway in this laboratory

on rhenium clusters. We defer further discussion till then.

I The primary purpose of the present study has been to demonstrate

- 
- that thermodynamic data can be derived by direc t observation of metal

clusters at a surf -ice . With this capability established , it would now

be desirable to have quantitative information , similar to that presented

- I here for rhenium on W(211), concerning the behavior of chemically different

adatoms . This should make it possible to  discern trends in atomic forces

depending upon the electronic struc ture of the atoms interacting at a

surface .

~: I
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TA BLE I . POPULA T ION OF RHENIU M Dfl’IERS IN CONF IGURATIONS 0 AND l

T
a 

M 3 M~ L t ( s ec)  T M0 H 1 L t ( sec )

270 45 2 12  25 20 303 2 14 25 a 30

20 84 25 30 5 11 25a 30
44 126 25 30 ~ ~~ 25a 30

20 57 25 30 35 119 25a 20

38 171 25 30 34 68 25a 20

32 171 25 30 20 76 25a 20

278b 9 36 24 120 36 101 28 20

11 33 20 120 30 75 25a 10

315b 10 29 25 30

278a 16 61 25 60 8 24 20 40

~: :~ ~56 133 25 20 315 30 92 31 10

31 152 25 20 38 84 30 15

18 77 25 20 38 110 24 10

42 173 25 20 36 96 26 10

290
b 

~ 34 23 60 18 33 24 10

4 28 19 90 25 110 24 10

U 290a 16 61 25 60 327b ! 
158 30 5

16 48 25 30 17 32 23 30

44 130 25 10 327 38 116 32 10

H 
3~3

b 

10 26 18 60 38 70 25 10

5 26 20 60 66 166 27 10

2 14 21 60 136 31 10

a
0~1~ a rough indication of channel length L available.

b
Temperature decay parameter ~ = 5.75 ‘< 10~~ (deg sec)

1
; for all other

-3 — l
measurements , b 3.3 x 10 (deg sec)

~

-_

~ 
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TABLE II. DISSOC IA T ION EQUtL IBRIUM OF RHENIUM D IMER S ON W (2 11) Sb

T M
0 

M1 M
D 

L t T M
0 

H
1 M

D 
L

351 10 29 6 27 10 392a 11 23 15 31. 5

9 25 8 29 10 402 13 42 16 28 3

20 41 9 28 10 13 15 6 17 2

9 24 6 26 10 11 46 12 19 2

13 45 4 27 10 12 20 9 20 2

~; :: ‘: :: ~: 
; :; : ~4 14 6 29 10 13 23 7 20 2

375 4 15 4 19 10 10 29 5 20 2

3 6 4 20 10 Il 27 9 23 2

32 66 12 23 10 5 17 4 23 2

3 14 2 21 10 412 12 34 13 25 2

19 31 7 21 10 4 7 10 28 2

24 62 20 22 10 1 21 5 27 2

8 27 8 23 10 9 29 11 29 2

19 31 7 23 10 5 22 5 28 2

15 11 6 21 10 3 11 6 28 2

392 26 64 18 29 3 4 14 7 28 2

3 13 6 26 3 8 26 6 28 2

7 21 8 29 5 9 20 16 28 2

10 24 16 28 3 412a 20 60 30 28 3

- ~

- 

. 

8 22 8 27 3 27 59 31 32 3

7 1.9 4 25 3

12 50 5 26 3

aTemperature decay parameter ~ 3.0 “~ l0~~ (deg sec) 1. For all other

measurements , b 5.75 x IO~~ (deg see) 1.

LL - -- -_ 
-
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F IGURE CA PT IONS

Fig. 1. Hard-sphere model of diner on (211) plane of tungsten . Diner

movement is confined to [1ll~ channels of close-packed atoms .

Atomic spacing 2 along channels-2.74 .
~~~; 

distance between neighboring

channels - 4.48 .!.~

Fig . 2. Configurations of bound and dissociated rhenium diners on W(2ll).

Hard-sphere model on left , field ion image on right. Diner

configurations , from top to bottom: 0, 1, 2, and 4; the top two

are bound , the bottom two free. Interatomic separation of atoms

in diner established by techniques in reference 4.

Fig . 3. Cooling curves for sample support after equilibration at T0 = 330

and 402°K. Points ind icate temperatures  obtained f rom res is tance

measurements , solid curves are least-squares fit to l/T = l/T
0 

+ bt.

Shading shows temperatures at which d iner distribution s are frozen

in.

Fig . 4. Rate constants for jumps of diners in one-dimens ional diffusion.

Center of mass positions are indicated by crosses and labelled with

italic numbers. Arrows show atomic jumps allowed be tween

nearest ne ighbor positions . Jump rates to higher configuration

are given by n , to lower configuration by 3 ; subscript labels

the starting configuration.

Fig. 5. Schematic potential diagram for model system . Diners in configura-

tion 2 and higher are completely dissoc iated ; their potential

ene rgy E
D is taken as the zero of reference. Rate constants are

assigned the fo l lowing  values :  
~ O’~~l 

= 0.4 exp L34.b R GT ;

—1
= 3 ‘< 

~ 
exp_ 3SOO/R

GT, ~~ 
= .5 ~< 1.0 

~
exp_ lS ,3O0/R

~
T sec

~.95 10 12 exp_ 1.9 ,800/R cT see t ; the last  two ra tes  are

experimental quantities for rhenium on

= 1.987 cal (deg mole)
1
.
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Fig. b .  r i~~ evolution of d iner probabilities ~or model ~vstem -it

~e0O°K. -ro bring probabilities to a cot~non s~ aLe , arbitrary

constants are subtracted fruin and P
1
; P~ is niultip l ied by a

factor of 1.0. P a I -

Fig. 7. Representation of coo ling curve for sample support by iso therma l

intervals separated by step function drop of .~ degrees. For

quantitative estimates of distortion during cooling , .1 2-4°K.

Fig. S. Change in probabilities ~~~~~ P~/P~ , and 
~D 

during quench of model

diners equilibrated at  T
0
. Temperature decay parameter

b 5.75 \ 10~~ ~deg see)

F i g .  . .  Time evolut ion of P 1/P 0 for model diners quenched after low

temperature equilibration. Temperature scale appro ’riate only

to T0 
340°K. All values for 5 3.75 x lO~~ ~deg sec’>

Fig . 10. Tempera ture dependence for  r a t io  R of rhenium diners in s t a t e  1.,

compared to s t a t e  0, on W ( 2 l 1 ) .  Raw data  on bot tom (ord ina te  at

left) yields thermodynamic data In set (A). Values on top

corrected for distortion during quench (ordinate at right), give

data set (B). Error bars ind icate standard deviation arising

from statistic al effects; curves obtained by least—squares f i t

to data po ints weighted by R7var R.

Fig . 11.. Dissoc iation sequence for rhenium d iners on W (211). Observations

- . - 0
arter equilioratton ror 3 sec at  392 K are in chronological

order. Labelling of atomic positions begins at left; channel

length  L 7 7 ,  ( a )  Pos i t ion  of adat om in top row - 29 , ~osition

of adatom in bottom row - 19 , configuration 10 , (b~ 15. Lo , 1

( c ’ >  23 , 2 1 , 1 (d ) 1.1, 8, 3 ~~ 4, 5, 1 ~~ 17 , ló , I ~~~~ ) 6, 5 . 1

(h) , I I , 7 ~t )  4 , 4, 0 t~j) 12 , II , 1 (k) 15 , 15 , 0 tl ~ , 2 , 0

(m) 8 , 3 , 0 ~~ 27 , 2b , I (o) 14, 25 , 11. Zn quan tItative

ana lys i s  o~ the data , ~J) not used as too c1os~ to edge.

_______  
____ _ _ _ _ _ _ _ _ _ _ _ _ _  ______  __________  -



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~

46 
Sb 

-

Fig . 12. Temperature dependence of dissociat ion equil ibr ium for  rhenium

diners. Bottom curve for raw dissociat ion da ta  (y-axis  at  r ight )

yie lds thermodynamic parameters in set (C). Top curve (y-axis

at left) shows dissoc iation data corrected for distortion

during quench; this yields data in (D). Error bars indicate

standard deviation due to statistical errors in observations ;

2 2curves obtained by least-squares f i t  to po ints we ighted by y /~
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